We demonstrate a strong correlation between domestic radon levels and socio-economic status (SES) in Great Britain, so that radon levels in homes of people with lower SES are, on average, only about two thirds of those of the more affluent. This trend is apparent using small area measures of SES and also using individual social classes. The reasons for these differences are not known with certainty, but may be connected with greater underpressure in warmer and better-sealed dwellings. There is also a variation of indoor radon levels with the design of the house (detached, terraced, etc.). In part this is probably an effect of SES, but it appears to have other causes as well. Data from other countries are also reviewed, and broadly similar effects seen in the United States for SES, and in other European countries for detached vs other types of housing. With smoking, this tendency for the lower SES groups to experience lower radon levels may underlie the negative association between radon levels and lung cancer rates in a well-known ecological study based on US Counties. Those conducting epidemiological studies of radon should be alert for this effect and control adequately for SES.
Introduction
The short-lived decay products of the naturally occurring radioactive gas radon (so-called radon progeny) are a known cause of lung cancer. Many epidemiological studies have been undertaken to explore this association in the context of domestic exposures, e.g. (Darby et al., 2005; Krewski et al., 2005; Lubin et al., 2004) . Tobacco smoking is the main cause of lung cancer and it is important that proper account is taken of this factor in such investigations. The most informative studies have been of case-control design and included detailed information on smoking for the individual study subjects.
However, a well-known ecological study reported a negative association between radon and lung cancer in US Counties (Cohen, 1995) . Puskin (Puskin, 2003) found a similar inverse trend of cancer mortality with radon level in US Counties for other smoking-related cancers, but not for cancers unrelated to smoking. This strongly suggests that Cohen's observation was a result of confounding by smoking.
Nevertheless, Cohen's paper (Cohen, 1995) is still cited, e.g. (Fornalski et al., 2015) (O'Connor and Calabrese, 2015) , as evidence of relevance to radon risk.
Associations between childhood cancers and radon have also been investigated. Raaschou-Nielsen reviewed studies of indoor radon (Raaschou-Nielsen, 2008) and childhood leukemia and since that time other reports have been published, e.g. by Hauri et al (Hauri et al., 2013) and by Kendall et al. (Kendall et al., 2013b) . However many such studies appear underpowered and no clear picture has yet emerged.
There have also been reports associating radon with a variety of other cancers: Brain (Bräuner et al., 2013) ; Gastro-Intestinal Tract (Kjellberg and S., 1995) ; Central Nervous System (Del Risco Kollerud et al., 2014) ; Oesophagus (Ruano-Ravina et al., 2014) ; Prostate (Eatough and Henshaw, 1990) and Skin (Wheeler et al., 2012) . Further investigations are required to confirm or otherwise these associations before any firm conclusions can be drawn.
A recent paper reported a striking variation with socioeconomic status (SES) of indoor radon levels in Great Britain (GB: England, Wales and Scotland) (Kendall et al., 2015) . Since the study was recordbased and did not involve direct contact with study subjects, response bias could not be a factor in this finding. Correlations of SES with indoor gamma-ray dose-rates were also investigated, but there were few effects (Kendall et al., 2015) . Correlations between indoor radon concentrations and affluence have been reported in the past, in particular the UKCCS investigation of radon (UK Childhood Cancer Study Investigators, 2002) , but have attracted little attention or discussion. It is the purpose of this paper to review these observations and to discuss the implications of, and possible reasons for, such variation.
As Galobardes et al. point out (Galobardes et al., 2006a) (Galobardes et al., 2006b) , there is no single indicator of SES suitable for all study aims and applicable at all time points in all settings. Ideally, a number of separate parameters should be employed and recorded at successive points in the life-course of the study subjects. We discuss the parameters used in the present study in the following section, but in some of the work that we cite other indicators such as income or education are used. However, as Galobardes et al point out (Galobardes et al., 2006a) most of the indicators proposed are strongly correlated.
Materials and methods

Sources of information
Our main data source (Kendall et al., 2015) is an expanded dataset for a large record-based case-control study of naturally occurring radiation and childhood cancer in GB (Kendall et al., 2013b) . This expanded dataset includes about 125,000 study subjects. Radon levels were estimated using over 400,000 measurements grouped according to geological boundaries (Miles and Appleton, 2005) . We will refer to this study as the record-based case-control study or just case-control study where this is unambiguous.
The United Kingdom Childhood Cancer Study (UKCCS) (UK Childhood Cancer Study Investigators, 2000 , 2002 was a large interview-based case-control study of childhood cancer which studied, amongst other possible aetiological factors, radon gas. We will refer to this study as the UKCCS. Radon measurements were completed in 2226 case and 3773 control homes. The UKCCS investigators reported details of the variation of radon concentrations with SES for their controls which we re-analyse below.
We have also made use of the National Survey of exposure to natural radiation in UK Dwellings (Wrixon et al., 1988) . This was smaller than the two epidemiological studies outlined above, covering 2093 UK homes, 2048 of which were in GB; the UK is GB plus Northern Ireland. However, the National Survey included information about the dwellings in question that was not available for the other datasets (see section 2.4). Table 1 summarizes the data on variation of mean indoor radon concentration with SES from the expanded record-based case-control study (Kendall et al., 2015) and from the UKCCS (UK Childhood Cancer Study Investigators, 2002) . We use two types of SES measure: those based on the characteristics of small geographical areas ("areal measures") and those based on the social class of a parent, derived from occupation. In order to simplify comparisons, we reanalyzed areal results for the record-based case-control study in seven categories (heptile 1 being the most affluent) to match the UKCCS data, and results for the two data sources are juxtaposed. Note, that the SES categories are similar but not identical in detail.
Measures of socioeconomic status
The areal SES data used by the record-based case-control study were Carstairs Scores (Carstairs and Morris, 1991) (Carstairs and Morris, 1989) 2) overcrowding in private households (more than one person per room).
3) male unemployment rates; 4) the proportion of households in which the head of the household is in social class 4 or 5;
These four variables are measured against the national average and re-scaled so that they have the same degree of variation across the country. The resulting transformed variables are given equal weight and combined to form an overall index of deprivation with higher levels indicating a higher level of disadvantage.
The areal SES data used by the UKCCS (UK Childhood Cancer Study Investigators, 2000) used an index developed by Draper et al (Draper et al., 1991) which predates the Carstairs index. In a broadly similar way to the Carstairs score it uses three measures of deprivation based on the 1991 census:
1. households without a car 2. overcrowded households (more than one person per room) 3. persons unemployed.
The two measures are thus similar, but not identical.
For both the record-based case-control study and the UKCCS the social class index used was derived from the occupation of a parent. Social classes run from 1 (likely to be most affluent) to 5 (likely to be least affluent). Social class 3 is divided into Non-Manual (3N) and Manual (3M) workers; additional background on the meaning of this parameter is given by Rose et al (Rose et al., 2005) . For the case-control study the occupation of the father was taken; for the UKCCS the occupations of the parents resident with the child at the time of diagnosis were compared, the adult with the higher class taking priority. For the UKCCS occupation was determined at interview but for the case-control study it was derived from data on the birth record. The latter is self-reported without professional guidance and the data are incomplete (see section 4.1).
For the case-control study no social class could be assigned for 10 341 (8.3%) of fathers. The mean radon concentration for these individuals was 19.1 Bq m -3 compared to 22.0 Bq m -3 for those for whom a social class could be assigned. For the UKCCS no social class could be assigned for 584
(15.4%) of fathers; 21 (0.6%) of these were in the Armed Forces. (For the case-control study if it was known that an individual was an officer they were assigned to social class 2 and other ranks to class 3N.)
The mean radon concentration for those individuals for whom no social class was assigned in the UKCCS was 19.2 Bq m -3 compared to 24.2 Bq m -3 for those for whom a social class could be assigned.
For the data of the case-control study the investigators reported that the correlation coefficient between Carstairs Quintile and occupational social class (6 categories) was 0.28 (p<0.001) based on 57 594 study subjects (Kendall et al., 2013a) .
Estimates of indoor radon concentrations
For both areal SES and individual Social Class analyses, the radon estimates of the record-based case-control study are from a predictive radon map based on 400 000 radon measurements grouped by geological and grid square boundaries (Miles and Appleton, 2005) . The UKCCS radon estimates came from direct measurements using track-etch detectors in the houses in question (UK Childhood Cancer
Study Investigators, 2002) . The data for the UKCCS presented in table 1 are derived from geometric mean radon concentrations for controls given in Table 3 of the UKCCS radon paper (UK Childhood
Cancer Study Investigators, 2002) . The geometric means (GMs) were converted to the arithmetic means (AMs) used in the present paper by subtracting 3.8 Bq m -3 , an estimate of the outdoor radon concentration (Gunby et al., 1993) , and then assuming a geometric standard deviation of 0.948 (Miles, 1998 
Information on type of dwelling
Information is not available on the type of dwelling (detached house, flat etc.) occupied by subjects in the record-based case-control study. However, this information is available for the measurements of the UK National Survey of natural radiation exposures in dwellings (Wrixon et al., 1988 ) and we make use of these data, augmented with estimates of the Carstairs deprivation score for the census ward in which each dwelling was situated based on data from the 1981 census. Wrixon et al presented data on radiation measurements in 2093 dwellings in the UK. In the present paper attention is restricted to the 2048 measurement sets for GB. Figure 1 and Table 1 demonstrate the reduction of mean radon concentration with lower areal SES (increasing deprivation) in the record-based case-control study and the UKCCS. Table 1 demonstrates a similar reduction of mean radon concentration with decrease in parent's social class. Table 2 shows the number of measurements with mean indoor radon level and gamma-ray dose-rate by house type based on the data of the National Survey together with mean Carstairs score for the locations of these dwellings and Pearson product moment correlation coefficients between radon concentration and Carstairs score within house type and for the measurement set as a whole. Table   2 show Pearson correlation coefficients between radon concentration and Carstairs deprivation score for the sample as a whole and within each house type. There is a highly significant (p<10 -4 ) negative correlation across the sample as a whole. For all categories of known house type there is also a negative correlation. However, these are far from similar in the strength of the statistical association. For semidetached/end-terrace houses the correlation coefficient is highly significant (p<10 -4 ) and for mid-terrace houses it is also significant (p=0.04), but it is not significant for the other two house types (p=0.38 for detached houses and p=0.54 for flats/maisonettes).
Results
Discussion
The National Survey of indoor natural radiation levels and other British data
The first large-scale investigation of indoor levels of natural background radiation in the UK was the National Survey by Wrixon et al (Wrixon et al., 1988) . Wrixon et al recorded the type of the dwelling in which measurements were made and reported that mean levels were higher in detached than in semidetached or terraced houses, which were in turn higher than flats or maisonettes. This finding was confirmed by Gunby et al (Gunby et al., 1993) in a more detailed re-analysis. Table 2 shows the data of the National Survey broken down by house type. One possible reason for detached houses having high levels is that they have more outside walls where leaky windows and wind-driven Bernoulli suction could increase the underpressure in the house leading to higher radon levels. However, the same argument would predict that semi-detached and end-terraced houses would have higher levels than midterraces and this is not seen. The conclusion would seem to be that the number of outside walls does not have a dominant effect. Of course it is clear that the observed gradient in radon levels with house type corresponds to a variation with levels of affluence and this is certainly likely to play a role.
However, Miles (Miles, 2001 ) examined the willingness of householders to agree to a radon measurement being undertaken. "Willingness to accept a measurement" was assessed as the number of invitations that were needed before a measurement was accepted. Even within a single house type, it was found that householders who were more willing to take a measurement had higher radon concentrations on average than those less willing. Generally speaking it is found that the more affluent are more likely to seek radon measurements. Miles speculated that one possible explanation for his observation might be relative poverty -poorer householders being less willing to take a measurement and also having lower radon levels. This is broadly supported by the correlations between radon concentration and Carstairs score within house type (Table 2) although the support is weak in the case of detached houses and flats/maisonettes.
Wolff and Wolff and Stern (Wolff, 1991a) (Wolff, 1991b, c; Wolff and Stern, 1991b ) investigated the correlations between various measures of SES based on census data and mean radon concentrations for 22 counties in England and Wales. The radon data was from the National Survey (Wrixon et al., 1988) . Despite the considerable averaging involved in analyzing geographical units as large as British counties (which have a mean population of the order of one million), Wrixon et al (Wrixon et al., 1988) reported considerable variation between the mean radon concentrations for different counties. The lowest mean concentration in the 22 counties considered by Wolff and Stern (Wolff and Stern, 1991a) was 10.4 Bq m -3 for mid-Glamorgan and the highest 119 Bq m -3 for Somerset. Wolff reported a number of correlations between lower affluence and lower radon levels. The most marked of these was for unemployment: r=-0.44, p<0.025. Figure 1 shows a marked fall-off in indoor radon concentration with areal measure of SES from both the record-based case-control study and the UKCCS. The UKCCS suffered from a marked SESdependent variation in response rate (the less affluent being less likely to participate) (UK Childhood
Cancer Study Investigators, 2000) . The UKCCS investigators regarded this as a problem for their epidemiological analysis of childhood cancer and indoor radon concentration. However, it is unlikely to account for the variation of radon level with SES shown in figure 1. For both the record-based casecontrol and the UKCCS data the mean radon concentration in the most disadvantaged heptile is less than 60% of that in the most affluent (although we note that for the case-control data the radon concentration in the second most affluent heptile is, in fact, a little higher than that in the first).
For the UKCCS data, Table 1 shows a fall-off in mean indoor radon concentrations with increasing deprivation measured as (parental) social class, which is qualitatively similar to that for the areal measures of SES. However, the record-based case-control measure of (paternal) social class shows a far smaller variation with radon concentration, though the negative correlation is still highly significant (p<0.0001). For about 8% of the case-control study participants no social class could be assigned and these individuals tended to have lower indoor radon levels than other study participants. However, we believe that the problem is more likely to lie in the self-reported and uncontrolled nature of the father's stated occupation on the birth record. Of course in both the UKCCS and the case-control study, information on parental occupation was reported by the parent, but in the former case it was supplied under the guidance of a trained interviewer.
It is likely that more reliable and meaningful information on social class would be obtained by trained interviewers and this includes more reliable identification of unclassifiable individuals (15% in the UKCCS compared to 8% in the case-control study, see Table 1 ). The case-control investigators (Kendall et al., 2013a ) remark on the vagueness of some descriptions of occupations on birth records and the difficulty of assigning social class for paternal occupations such as "Engineer" without further information such as employment status and professional qualifications. Both the case-control study (Kendall et al., 2013b ) and the UKCCS investigators (UK Childhood Cancer Study Investigators, 2002) preferred the areal index of SES for their main epidemiological analyses. The case-control study investigators remarked that, compared to national statistics, their study participants had a relative deficit of social class 2 with rather higher proportions in lower social classes -presumably more affluent individuals being wrongly assigned to lower social classes. Despite the shortcomings of the case-control study's social class data, they correlated very significantly with the Carstairs Quintiles data (p<0.0001).
It should also be remembered that the occupation may have changed between the time of the birth of a child and the time of a diagnosis of cancer and that such changes are likely to be towards higher social classes.
Data from other countries
Casey et al (Casey et al., 2015) included SES as one of the factors considered in an investigation of predictors of indoor radon concentrations in Pennsylvania, USA. SES was estimated for communities from six variables from the US census. Radon levels were estimated from 866 735 test results collected by the Bureau of Radiation Protection. Casey et al reported that communities with lower SES had lower radon levels. The trend was not monotonic with the highest radon levels being observed in the second quartile. Median radon levels for the fourth, most deprived, quartile were 78% (basements) and 71%
(first floor) of those in the second quartile.
Cohen and Gromicko (Cohen and Gromicko, 1988) and Cohen (Cohen, 1991) investigated various factors affecting radon levels in US homes. One of the factors considered was annual family income.
Those with incomes in the lowest quartile had lower radon levels, about 71% of that in the highest quartile and 74% of the overall mean, though the trend of radon concentration with income was not monotonic.
Several workers have investigated the factors affecting indoor radon concentrations or attempted
to develop predictive models for radon concentrations in houses (Hauri et al., 2012) (Andersen et al., 2007 ) (Andersen et al., 2001 ) (Papaefthymiou et al., 2003) (Gerken et al., 2000) (Verger et al., 1994) .
These investigators were attempting to predict radon levels in particular dwellings, not for particular people. The models therefore did not include social class, nor did they discuss possible mechanisms for their findings. They have, however, generally confirmed the observation of Wrixon et al (Wrixon et al., 1988 ) that detached houses have higher radon levels.
Summary and Interpretation
Taking the data as a whole, we believe that there is strong evidence from Great Britain for a variation of indoor radon level with the SES of the household, less affluent homes having lower radon levels. This correlation is seen both for individual and small area estimates of SES and both for directly measured and for modelled radon concentrations. Broadly similar observations have been reported from the United States and from other countries. It is difficult to be certain whether similar associations might be seen in other countries or regions; the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) did not conduct such an analysis in its reviews of public exposure to radiation world-wide (UNSCEAR, 2008).
What might lie behind such an association? As noted in section 4.1, Miles (Miles, 2001) speculated that poorer householders might be less willing to accept a radon measurement and also have lower radon levels. This is broadly supported by the correlations reported in Table 2 . A possible reason might be that poorer houses are not heated to the same level as wealthier households and/or that they have been less completely draught-proofed, for example by double-glazing. Both increased indoor temperature and draft-proofing will tend to increase the underpressure in the house relative to the air beneath the house and thus increase the rate at which soil gas is sucked into the house, resulting in higher radon levels. Gunby et al (Gunby et al., 1993) reported that double-glazing and draught-proofing were two significant factors in predicting higher indoor radon concentrations. So too was house type, which is likely to be correlated with SES. An explanation along these lines seems plausible.
Implications for epidemiology
The evidence presented here indicates that radon levels vary with SES. This observation may have implications for epidemiological investigations of links between indoor radon exposures and endpoints where disease rates vary with SES. As we argue below, we think this is of particular relevance to studies of indoor radon exposures and childhood cancer. In principle, problems should be avoided by, for example, stratification across SES categories. However, the strong variation of radon levels with SES reported here suggests that it may be important to ensure that such stratification is fine enough.
For example, in GB it is known that childhood leukemia rates vary with affluence (somewhat higher levels in more affluent families (Kroll et al., 2011) ). The magnitudes of these variations due to SES are substantially greater than the expected variation due to radon exposure. Consequently, it is important to allow for SES in analyses of childhood cancer and indoor radon exposure. We note that it has been suggested that reported associations between SES and childhood leukaemia may be sensitive to the nature of the SES parameter chosen, to the study design and possibly to the calendar period (Poole et al., 2006) (Adam et al., 2008) . This does not appear to be so in GB: Kroll et al (Kroll et al., 2011) found consistently higher levels of childhood leukaemia in more affluent areas over three decades, and Kendall et al (Kendall et al., 2013b) found very similar trends whether area-based or individual-based measures of SES were used. However, a full discussion of this question is beyond the scope of the present paper.
Smoking is an important factor in several cancers, most notably, lung cancer. Smoking rates vary with SES. The World Health Organisation report a tendency for the poorer to smoke more than those who are better off in most countries of all continents (Ciapponi, 2011) . In particular, a number of studies have confirmed that lower SES groups smoke more heavily in the USA (Garrett et al., 2011; Jamal et al., 2015) and in Great Britain (Office for National Statistics, 2015) . This pattern has also been confirmed for males in the European Union (EU) and for females in the North of the EU; however, for women in Southern Europe this trend is reversed (Mackenbach et al., 2007) (Mackenbach et al., 2008) .
Stratification across SES may also be important for studies of radon and other endpoints where disease rates vary with SES. However, it is less likely to be relevant to studies of lung cancer where smoking is known to be the dominant causal factor: smoking rates do vary with SES but it is better and more direct to make careful allowance for smoking directly (Darby et al., 2005) . In the study of Darby et al., the inclusion of social status affected the estimate of the excess relative risk of lung cancer when seven smoking categories were considered, but this was no longer the case when 20 smoking categories were considered (Darby et al., 2006) .
As noted in the Introduction, an ecological study reported a negative association between mean radon concentration and lung cancer mortality in US Counties (Cohen, 1995) . Puskin (Puskin, 2003 ) (Puskin et al., 2004) found a similar inverse trend of cancer mortality with radon level in US Counties for other cancers related to smoking, but not for cancers unrelated to smoking, strongly suggesting that the observation of Cohen (Cohen, 1995) was a result of confounding by smoking. Cohen had attempted to allow for smoking (Cohen, 1995) , but he could obtain data on smoking prevalence only at the level of the state, which he converted to the appropriate calendar period using national trends. He attempted to obtain estimates of smoking prevalence by county within state by allowing for the fraction of the county population that lived in urban areas. In fact, in the United States adults living in rural locations smoke more than those in urban (or suburban) areas (Vander Weg et al., 2011) and it is unclear how effective
Cohen's attempted correction will have been. It is the failure to adequately account for correlations between cigarette smoking and radon levels within the sampling units that led to the spurious negative trends of lung cancer and radon of Cohen (Greenland and Robins, 1994) ; this correction Cohen did not attempt to implement, possibly because of the lack of necessary intra-sampling unit data, although such correction is in principle possible (Sheppard, 2003) .
As discussed above, the less affluent tend to experience lower radon levels, at least in the United
States and in Great Britain; in the United States (and in most other countries) they are also more likely to smoke. It is likely that these tendencies operate both between and within US Counties, the units considered by Cohen. Lower radon levels amongst those who tend to smoke more could provide a smoking-mediated mechanism which would account for the observations of Cohen (Cohen, 1995) and Puskin (Puskin, 2003) (Puskin et al., 2004) .
Conclusions
There is evidence from Great Britain and the United States for a variation of indoor radon level with the SES of the household, less affluent homes having lower radon levels. This is of general environmental health significance and is a factor which should be considered in epidemiological studies of radon, particularly in relation to childhood cancers. Cohen reported a strong negative association between mean radon levels and lung cancer rates in US Counties (Cohen, 1995) , but the study could not take proper account of smoking, which is likely to account for a large part of the effect that he observed, some of which may well be due to the inverse association between smoking and affluence. Since the less affluent are likely to experience lower indoor radon exposures, a smoking-based association between lower SES and lung cancer risk could account for the inverse relationship between lung cancer mortality and radon exposure reported by Cohen and also to the similar finding for other smoking related cancers by Puskin (2003) . However, this association is largely mediated by the effects of cigarette smoking, rather than the causal effects of socioeconomic status per se.
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Note: In their Table K4 Wrixon et al (1988) present broadly analogous data for the UK (rather than Great Britain) in which only dwellings with radon concentrations within twice the geometric standard deviation of the geometric mean were included. The effect of this censoring is to reduce the difference between house types. Wrixon et al also combined "semi-detached or end-terrace house" with "midterrace house". Wrixon et al did not have access to the Carstairs scores. 
